The Zn 1−x Li x O (x = 0, 0.01, 0.03, and 0.05) nanocrystalline films were synthesized on silicon (Si) substrates by using the sol-gel method. The crystal structure and surface morphology of these films were investigated by X-ray diffraction (XRD) and field emission scanning electron microscopy (FE-SEM). We observed that the average grain size was gradually reduced with increasing doping Li content. Photoluminescence (PL) spectra show that increasing the Li content will deteriorate the crystalline quality and result in the decrease of ultraviolet emission from the excitonic recombination and the enhancement of visible emission from the recombination between the intrinsic defects. The current-voltage properties of Zn 1−x Li x O nanocrystalline films were also studied under dark and photo-illumination for photo-detection applications. The normalized photo-to-dark-current ratio (I photo − I dark )/I dark has been enhanced from 315 to 4161 by increasing the Li content of the Zn 1−x Li x O nanocrystalline films from zero to 0.05.
Introduction
Wide band gap materials with transparent properties are important for photovoltaic and optoelectronic devices. Zinc oxide (ZnO) is one of the attractive transparent compound semiconductor materials with wide band gap (3.3 eV) and a large exciton binding energy (60 meV) at room temperature [1, 2] . Due to its specific properties, ZnO-based optoelectronic devices are believed to be promising candidates for transparent electronics applications [3] , such as in thin film transistors [4] [5] [6] , solar cells [7, 8] , photodetectors, [9] and light emitting devices [10] . Furthermore, due to its high electromechanical coupling coefficients, ZnO can be used in surface acoustic wave devices and chemical biosensors [11] . ZnO crystals or films have been successfully prepared by various kinds of fabrication methods, such as Radio Frequency (RF) magnetic sputtering, chemical vapor deposition, pulsed laser deposition, and sol-gel methods. Those fabricating systems require high vacuum and complicated temperature control processes, while the sol-gel process offers more merits due to ease of control of the chemical composition and a much simpler method for large-area coating at a low cost [12] . To realize an electronic device consisting of p-and/or n-type characteristics, the doping technique is an important issue. Until now, several studies on ZnO doped with group III elements [13] [14] [15] , transition metals [16, 17] , and other elements [18, 19] have been explored. The dopants may not only change the dominant crystal orientation, but also play an important role in the enhancement of the photo-to-dark-current ratio via the doping-induced defect states [20] . However, it is difficult to achieve good and reproducible p-type ZnO due to low solubility of the dopant and high self-compensation [21] . The p-type ZnO was reported by doping Li since the solubility of Li in ZnO can be up to 30% [22] . The interest in using Li as the dopant in ZnO is based on its potential ability to act as a p-type dopant and ferroelectricity behavior as reported in II-VI semiconductors [23] . Due to its specific and interesting properties, further study of the microstructural and optical properties of lithium doping on of ZnO is not only thought-provoking, but also important.
In this paper, we report a study of the doping effect of Li atoms on the optical and structural properties of Zn 1−x Li x O (x = 0, 0.01, 0.03, and 0.05) nanocrystalline films. The X-ray diffraction (XRD) and field emission scanning electron microscopy (FESEM) were used to characterize the crystal structure and surface morphology of Zn 1−x Li x O nanocrystalline films. The emission behaviors were probed by the photoluminescence (PL) technique. In addition, we also carried out the current-voltage (I-V) measurements under dark and UV illumination to investigate their optical detection properties.
Experimental
The source solutions for the growth of Zn 1−x Li x O nanocrystalline films were prepared with the precursors of zinc acetate dihydrate (CH 3 COO) 2 Zn·2H 2 O and lithium acetate dehydrate C 2 H 3 LiO 2 ·2H 2 O which were dissolved in stoichiometric proportions in deionized water. The concentration of metal ions was kept at 0.5 M with lithium mole ratios of 0%, 1%, 2%, 3%, and 5%, respectively. We added ethanolamine into the solutions to obtain stable precursor solutions. After stirring at 150 • C for 1 h on a hotplate, we can obtain transparent solutions for crystal growth. A standard substrate cleaning process using ethanol (95% purity), acetone (99.87% purity), isopropyl alcohol (99.9% purity), hydrochloric acid (36% purity) and deionized water was done before crystal growth. Then, the Si substrates were rinsed in deionized water and dried by flowing nitrogen gas. Each layer was grown on the Si substrate by a spin coater with three steps: the first step with spinning rate = 100 rpm for 10 s, then the second step with a spinning rate of 3000 rpm for 30 s, then setting the preheating temperature at 300 • C for 2 mins. Ten layers were stacked on Si substrates. Then, the samples were annealed at 600 • C for 2 min by rapid thermal annealing (RTA) treatment with a heating rate of 600 • C/min.
The XRD patterns were studied by using Rigaku D/max-2200 X-ray diffractometer with Cu-Kα radiation. The surface morphology and cross-sectional views of Zn 1−x Li x O nanocrystalline films were investigated by field emission scanning electron microscopy (FE-SEM, HITACHI S-4800) at 3.0 kV. For PL measurements, room temperature photoluminescence (RTPL) spectroscopy was used to measure optical emissions by an He-Cd laser with a wavelength of 325 nm. In I-V characteristics, the samples were measured under dark and UV lamp illumination (365 nm) by an HP 4145 semiconductor parameter analyzer in an applied voltage from −5 to +5 V. (103), and also slightly extend the c-axis of the ZnO lattice parameter [20] . The results obtained in this work show that the doping of Li atoms does not cause obvious structure changes or lattice extensions. This might be due to the fact that the radii of Ti 2+ or Ti 4+ ions are larger than those of Li + ions, because the atomic number of Ti is 22 while that of Li is only 3. The inset presents the full width at half maximum (FWHM) values of the XRD peaks in a function of Li content. It is noticed that the intensity of the (002) peaks gradually decreases with increasing Li content, at the same time, the FWHM are constantly broadened. We also deduced the crystallite size of Zn 1−x Li x O nanocrystalline films from the Debye-Scherrer's equation [24, 25 ] D = kλ/β cos θ, where k is the Scherer constant (k = 0.9), λ is the wavelength of the X-ray radiation (0.154 nm), β is the FWHM in radians, and θ is the Bragg diffraction angle. The results are 39.8, 36.9, 35.6, and 34.6 nm for x = 0, 0.01, 0.03, 0.05, respectively. The crystallite size is decreasing, which is due to the crystalline quality deteriorating by increasing the doping concentration of the Li atoms.
Results and Discussion
Scherer constant (k = 0.9), λ is the wavelength of the X-ray radiation (0.154 nm), β is the FWHM in radians, and θ is the Bragg diffraction angle. The results are 39.8, 36.9, 35.6, and 34.6 nm for x = 0, 0.01, 0.03, 0.05, respectively. The crystallite size is decreasing, which is due to the crystalline quality deteriorating by increasing the doping concentration of the Li atoms. The grain size of Zn1−xLixO nanocrystalline films can also be observed by FE-SEM. Figure 2 shows both the surface morphology and cross-sectional views of Zn1−xLixO nanocrystalline films. From the top view of Zn1−xLixO nanocrystalline surface morphology, the average grain size is determined to be 88.02 to 71.16 nm for x = 0 to 0.05, respectively, and it is observed that the average grain size is gradually reduced with increasing Li doping concentration. The tendency of grain change further confirms the observation in the XRD patterns. It is noted that the crystallite size is supposed to be the size of a coherently diffracting domain and is not exactly to be the same as the particle size [26] Furthermore, it has been found that the XRD peak can be widened by defects or internal stress, so the mean crystallite size calculated by the Debye-Scherrer's equation is smaller than the actual value [27] . In the side views, we can observe that the films are quite uniform with thicknesses of about 100 nm for all samples, and the pictures further confirm the c-axis orientation with columnar grains running perpendicular to the substrate. Figure 3 presents the PL spectra of Zn1−xLixO nanocrystalline films for x = 0 to 0.05 taken at room temperature. The PL spectra consist of an ultraviolet (UV) emission peak and a weak green yellow visible (VIS) emission band. The sharp UV emission peaks resulted from the exciton recombination [28, 29] . It is obvious that the PL intensity decreases with increasing Li doping concentration, which indicates that the doping Li atoms will deteriorate the crystalline quality. All the UV emission peaks seem located around 3.24 eV, and in careful observation we can find a slight blue shift with increasing Li doping concentration. The broader VIS emission below 2.4 eV with a peak around 2.1 eV reflects the characteristic luminescence associated with singly ionized defects, such as oxygen vacancy or doping-induced defects [30, 31] Comparing the intensity of the UV emission to the VIS emission, we observe the ratio of IUV/IVIS is 8.68, 4.21, 2.52, and 1.54 for various Li doping concentrations (x = 0, 0.01, 0.03, and 0.05, respectively). We believe that the doping Li atoms are responsible for the decreasing ratio of IUV/IVIS. Furthermore, we study the optical properties of these thin films by means of I-V curves under dark and UV illumination. The photocurrent was measured by a 30-W Xe lamp with the incident wavelength of 365 nm as the irradiation source. In Figure 4 , the I-V curves of Zn1−xLixO nanocrystalline films were measured under dark and UV illumination in the voltage range from −5 to +5 V. For optical detection applications, the relative optical response can be defined by the normalized photo-to-dark-current ratio (Iphoto − Idark)/Idark. The results at +5 V are calculated and listed The grain size of Zn 1−x Li x O nanocrystalline films can also be observed by FE-SEM. Figure 2 shows both the surface morphology and cross-sectional views of Zn 1−x Li x O nanocrystalline films. From the top view of Zn 1−x Li x O nanocrystalline surface morphology, the average grain size is determined to be 88.02 to 71.16 nm for x = 0 to 0.05, respectively, and it is observed that the average grain size is gradually reduced with increasing Li doping concentration. The tendency of grain change further confirms the observation in the XRD patterns. It is noted that the crystallite size is supposed to be the size of a coherently diffracting domain and is not exactly to be the same as the particle size [26] Furthermore, it has been found that the XRD peak can be widened by defects or internal stress, so the mean crystallite size calculated by the Debye-Scherrer's equation is smaller than the actual value [27] . In the side views, we can observe that the films are quite uniform with thicknesses of about 100 nm for all samples, and the pictures further confirm the c-axis orientation with columnar grains running perpendicular to the substrate. Figure 3 presents the PL spectra of Zn 1−x Li x O nanocrystalline films for x = 0 to 0.05 taken at room temperature. The PL spectra consist of an ultraviolet (UV) emission peak and a weak green yellow visible (VIS) emission band. The sharp UV emission peaks resulted from the exciton recombination [28, 29] . It is obvious that the PL intensity decreases with increasing Li doping concentration, which indicates that the doping Li atoms will deteriorate the crystalline quality. All the UV emission peaks seem located around 3.24 eV, and in careful observation we can find a slight blue shift with increasing Li doping concentration. The broader VIS emission below 2.4 eV with a peak around 2.1 eV reflects the characteristic luminescence associated with singly ionized defects, such as oxygen vacancy or doping-induced defects [30, 31] Comparing the intensity of the UV emission to the VIS emission, we observe the ratio of I UV /I VIS is 8.68, 4.21, 2.52, and 1.54 for various Li doping concentrations (x = 0, 0.01, 0.03, and 0.05, respectively). We believe that the doping Li atoms are responsible for the decreasing ratio of I UV /I VIS .
Furthermore, we study the optical properties of these thin films by means of I-V curves under dark and UV illumination. The photocurrent was measured by a 30-W Xe lamp with the incident wavelength of 365 nm as the irradiation source. In Figure 4 , the I-V curves of Zn 1−x Li x O nanocrystalline films were measured under dark and UV illumination in the voltage range from −5 to +5 V. For optical detection applications, the relative optical response can be defined by the normalized photo-to-dark-current ratio (I photo − I dark )/I dark. The results at +5 V are calculated and listed in Table 1 . This shows that the doping Li atoms are helpful to enhance the ratio of (I photo − I dark )/I dark , which has been raised more than ten times from 315 to 4161. in Table 1 . This shows that the doping Li atoms are helpful to enhance the ratio of (Iphoto − Idark)/Idark, which has been raised more than ten times from 315 to 4161. in Table 1 . This shows that the doping Li atoms are helpful to enhance the ratio of (Iphoto − Idark)/Idark, which has been raised more than ten times from 315 to 4161. 
Conclusions
The ZnO doped with Li (0-5%) was successfully synthesized by the sol-gel method. XRD patterns showed a single crystalline phase of Zn1−xLixO. The composition-dependent crystallite size was deduced by Debye-Scherrer's equation, and further confirmed by the surface morphology from FE-SEM images. The PL spectra show a slight blue shift with an increase in Li content. The intensity of UV emission from exciton recombination decreases with increasing Li content, which is due to crystalline deterioration. The higher ratio of the normalized photo-to-dark-current ratio resulting from the doping of Li atoms demonstrates their potential in photodetector applications. 
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